Purpose -to detail progress on the European Commission supported FP7 ASPIS project that is undertaking a multi-faceted approach to develop novel and improved nickel-gold (ENIG) solderable finish chemistries and processes in order to overcome issues such as 'black pad' that are known to cause reliability issues.
Introduction
A key factor impacting the overall reliability of electronic assemblies is the quality of the solder joints that connect components to a printed circuit board (PCB) and the performance of these joints can be significantly impacted by the type and quality of the solderable finish that is applied to the board. There are increasing numbers of different solderable finishes in widespread use and these include hot air solder levelling, organic solderability preservatives (OSPs), nickel-gold (ENIG) and nickelpalladium-gold (ENEPIG). For many years, the preferred choice of finish for high reliability, high performance electronics has been nickel-gold, because it offers benefits over the alternatives. A key advantage of ENIG is that it offers excellent solderability and can retain this after prolonged storage prior to assembly and during the multiple soldering operations often required when manufacturing complex, high value electronic equipment. Another advantage of ENIG finishes is that they have excellent planarity and this is crucial when attaching fine-pitched surface mount components. However, while ENIG coatings have a reputation for excellent solderability, there are a number of technical and reliability factors that can sometimes cause problems for PCB fabricators and their customers. The most widely recognised of these is referred to as 'black pad', which is thought to be attributable to excessive corrosion of the nickel coating during the subsequent immersion gold deposition process. Despite having been identified many years ago, the mechanisms that cause 'black pad' are still poorly understood. This paper outlines some of the progress made during the first year's work on the 'ASPIS' project which is developing new, more reliable nickel-gold materials and processes.
The three year project is supported via the European Commission's 7 th Framework
Programme. It is a 'Research for SME Associations' project that has twelve partners from across Europe, including four key research organisations who are undertaking much of the research programme. The ASPIS project has four key and discrete approaches and these are; research into 'black pad' formation methods, investigation of improved traditional aqueous chemical deposition methods, study of new approaches based on the use of ionic liquids and the development of prognostic screening tools that will enable prediction of the possibility of reliability issues early in the assembly process. This paper introduces some of the ENIG issues that need to be addressed and then describes progress to date on key parts of the ASPIS project. 
Nickel Gold Solderable Finishes Issues
Electroless nickel -immersion gold (ENIG) solderable finishes have long been one of the preferred finishes for protecting copper on high performance circuit board assemblies due to their excellent properties such as co-planarity, good solderability performance and compatibility with complex assembly operations. [1] . However, ENIG finishes are also been known to suffer, under certain conditions, from a number of reliability issues including the so-called 'black pad' phenomenon. The term 'black pad' is normally used to describe a problem associated with corrosion of the nickel surface that results in a loss of solderability and which can cause poorly formed solder joints at the interface between the solder and the nickel interface, see figure 1 . [2] . These weakened joints may be dormant in an assembly, but then lead to failures when they are subjected to mechanical or thermal-mechanical stresses during operational service. There has been much work undertaken in the last 10 years or so in an attempt to elucidate the cause and mechanisms of 'black pad' formation and failure but despite this, it is still not completely understood. However, there are a number of plating factors in both the nickel and gold deposition stages that can have an influence on 'black pad' formation [3] . For example, much attention has been paid to the presence and levels of phosphorus at the surface of the nickel layer and it seems likely that the type of electroless nickel chemistry and the deposition conditions used can play an initial role in the occurrence of 'black pad'. It is also possible for the immersion gold chemistry and process conditions to have an influence on the occurrence of 'black pad' and, again, there has been much work to investigate the influence of this part of the process and to develop new chemistries.
For example, Dong et al [4] recently reported a new cyanide-free immersion gold process that can give a highly uniform gold deposit with less probability of 'black-pad' compared with that of the traditional immersion gold processes. This new approach is claimed to offer a competitive alternative to traditional cyanide-based processes, while also offering environmental benefits. Nevertheless, there is still a need to gain a better understanding of nickel-gold deposits and the factors that impact subsequent assembled device reliability.
Investigations of 'Black Pad' Formation Mechanisms
The excessive corrosion of electroless nickel-phosphorus (Ni-P) coatings during the subsequent immersion gold deposition process is often indicated by a grey or black appearance, ie ''black pad' [5] [6] [7] [8] [9] . It is also well established that the corrosion properties of electroless nickel deposits are governed mainly by their phosphorus content and the corresponding structural and mechanical state [10] [11] [12] [13] [14] [15] [16] . The principal scientific objectives for the initial period of the ASPIS project have been the identification of mechanisms influencing each failure mode via experimental determination and establishment of the key factors and relationships for the failure modes identified. The following tasks were therefore undertaken:
• deposition and characterization of electroless nickel coatings (phosphorus content, thickness and porosity)
• corrosion behaviour studies of electroless nickel coatings in both citrate media and immersion gold solutions
• characterization of gold layer (thickness, porosity and quality)
• structural characterization of Ni-P samples after removal of the immersion gold layer.
Electroless nickel (EN) coatings with phosphorus contents ranging between 3.5 and Investigations of the immersion gold process revealed that the gold deposition rate was determined by the solution pH and composition and surface reactivity of EN. Attempts have also been made to elaborate a reliable and simple method for the quantitative evaluation of the porosity of electroless nickel, immersion gold and ENIG coatings, which is based on taking voltammetric measurements in a KOH solution.
For example, the porosity of an electroless nickel coating on a copper substrate was evaluated on the basis of cathodic charge consumed within the E range from 0.65 V to 0.00 V for the reduction of the copper oxides, CuO and Cu 2 O (Fig. 3 , curve 1).
This duplex cathodic peak is a well known characteristic of the electrochemical behaviour of copper in alkaline media [17] . Pores in electroless nickel coatings on copper are reflected by minor cathodic peaks within the E range of interest ( Fig. 3, curve 2). Non-porous electroless nickel coatings do not exhibit such peaks (see the filled area under curve 3 in Fig. 3 ). In the case of porous electroless nickel coatings on copper, the portion of cathodic charge, Q EN/Cu , (see the vertically patterned area between curves 2 and 3 in Fig. 3 within the E range of interest), can be treated as the measure of copper surface exposed to the electrolyte, which, in turn, is The changes in electroless nickel surface morphology after the immersion gold process were studied by analyzing samples that were both covered with gold and ones that were stripped of gold. A severe case of corrosion damage after immersion gold layer formation was observed on an electroless nickel sample that had been subjected to an inappropriate pretreatment process of the substrate metal (Cu) and which resulted in a highly porous structure formation. The surface of the electroless nickel plating had a nodular structure and there were boundaries and crevices between the nodules. Gold penetration along the electroless nickel nodule grain boundaries ( Fig. 3 ) and other internal defects, such as spikes and cavities, were observed for this coating. If a boundary or crevice is too deep and thus the supply of gold atoms to the crevice is slowed down, the gold concentration in the crevice will be different from that of the plating bath. Consequently, a galvanic cell will be set up between the crevice and the surface, resulting in heavy corrosion in the crevice.
Therefore, the corrosion converts the dense, amorphous electroless nickel into a porous, micro-crystallized structure into which the gold atoms have penetrated.
Other possible sources of weakness in subsequently formed solder joints may be the small voids found at the nickel-gold interface and impurities introduced during the immersion gold process, e.g. copper.
In the work carried out during the first year of research on the ASPIS project, it has been determined during this study, that the factors which favour 'black pad' formation are as follows: a high immersion gold bath pH value, a high concentration of citrate and the thickness of the immersion gold layer being higher than necessary. In addition, improper copper substrate preparation (e.g. inclusions left on the substrate surface) lead to deposition of electroless nickel coatings that may be more susceptible to 'black pad' formation. This work will continue until September 2013
and further results will be reported in due course.
ENIG Processing of PCB's Using Ionic Liquids
Ionic Copper has been successfully coated with gold, silver and palladium. Furthermore, a secondary coating of gold has been successfully coated on to both silver and palladium coatings. The morphology of these coatings has been found to be dependent on the substrate, mimicking the morphology already present, producing uniform, bright, non-porous coatings. Copper mobility has been demonstrated in the gold coating, highlighting the need for a barrier layer between gold coatings and copper substrates. Palladium has also displayed some copper mobility, but significantly less than gold. In the gold coating of palladium, the palladium slowed the copper migration, but did not prevent it. Silver coatings showed a very slow copper migration, lower than both the palladium and gold coatings. Gold coatings on silver, however, showed a higher copper migration than just a silver coating. This suggests that silver is a not a suitable barrier layer between copper and gold, however it is an excellent coating for PCBs in its own right. Initial development work has also been carried out on immersion gold coating depositions from ILs onto an electroless nickel surface that was produced from a standard aqueous nickel sulphate and sodium hypophosphite solution.
In an effort to remove the most significant hazard from this process, the KAu(CN) 2 has been replaced with AuCl. AuCl is known to disproportionate to Au metal and nitrite and ethylenediamine, which should slow the kinetics of gold reduction, providing higher quality, more reliable finishes. Initial results have been very positive and these will be reported at a later date when further work has been completed.
Over the next year, work will continue on optimisation of the process and further analysis will be conducted on gold immersion coatings from ILs, as well as the development of an electroless nickel deposition process from ionic liquids.
Development of an ENIG Screening Tool
Another key objective of the ASPIS project is the development of an ENIG screening tool. Since there is still much debate about the definition of 'black pad' and the mechanisms which influence its occurrence, an initial aim was to gain a detailed understanding of this phenomenon and of the forms in which it can appear. To achieve this objective, an initial literature study was conducted based on more than thirty papers that dealt with either 'black pad', or ENIG plating defects in general.
From this study, an inventory of ENIG plating defects was compiled and documented in a FMEA (Failure Mode Effect Analysis). In the next step, actual ENIG plating defects were analysed in order to study appearances and to determine more about their delectability. Defective printed circuit boards were provided by ASPIS partners and a customer of TNO Technical Sciences. SEM-EDX, XRF, confocal microscopy and chemical testing have been used, as appropriate, to analyse bare boards, solder joints and cross-sections.
Distinguishing 'black pad' from other similar issues can be a challenging task. Figure   7 shows an example of an issue encountered at a Ball Grid Array (BGA) component soldered on an ENIG board. Early field failures occurred due to the rather low drop impact resistance of the solder joints. By cross-sectioning and analysing each fractured side of the joint, it could be determined that the solder joints fractured between the Ni-P and the intermetallic layer. In this case, the PCB solder interface was still intact, but a region with small dark spikes was also present at the topside of the nickel layer. This may be an indication of an early stage of a corrosion related to the occurrence of issues such as 'black pad'. Another indication was the detection of copper, by SEM-EDX, at the surface of unsoldered pads. Since other contaminating elements were also detected next to this, a further and more detailed examination would be desirable. Figure 9 shows an example of different surface morphologies detected on a PCB with randomly discoloured ENIG pads due to a skip plating problem. Since changes in surface morphology are also expected with 'black pads', surface inspection techniques are considered to be a useful option for distinguishing 'black pad' and will be further developed later in the project. 
Summary and Conclusions
Nickel-gold coatings on PCBs offer one of the best solderable finishes for printed circuit boards and are often the preferred choice for high value circuit boards used in many professional applications. However, the ultimate quality and performance of these nickel-gold deposits can also be influenced by the process chemistry and deposition conditions used. In some cases this can lead to the occurrence of a phenomenon known as 'black pad', which has been the cause of many reliability problems in assembled boards that utilise these coatings. This paper has reported four production lines and was responsible for galvanic processes such as copper, nickel, chromium and zinc metal finishing, electrochemical polishing.
